EVIDENCE has accumulated since the initial observations of Miller and Miller (1947) suggesting that covalent bonding of aminoazo dyes to rat liver protein is essential for this group of carcinogens to manifest their activity. Whilst metabolites of the aminoazo dye carcinogens become bound to protein in practically all the sub-cellular fractions of rat liver, the microsome fraction derived from the endoplasmic reticulum is probably the initial site of binding (Gelboin, Miller and Miller, 1958) . Moreover, during continuous carcinogen administration, the liver microsome fraction contains a high level of bound metabolite (Price, Miller, Miller and Weber, 1949, 1950) .
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These observations have focussed considerable attention on the influence of aminoazo dye administration on the endoplasmic reticulum of rat liver. Thus Porter and Bruni (1959) observed that administration of 3'methyl-4-dimethylaminoazobenzene (3'Me-DMAB) produced loss of organization of rough endoplasmic reticulum and aggregation of the smooth form. More recently, Takahashi (1963) has observed the formation of hyperplastic foci of cells with a poorly developed endoplasmic reticulum following more prolonged administration of the carcinogen. Structural abnormalities of liver microsomes from rats fed 3'Me-DMAB, as expressed by changes in their in vitro swelling properties have also been reported (Arcos and Arcos, 1958) .
In view of the observations suggesting that rat liver microsomes are significantly affected by carcinogenic aminoazo dyes, an investigation of the modification of the biochemistry of these organelles during carcinogenesis was considered to be of interest. For this purpose, the influence of carcinogenic aminoazo dyes on the oxidative metabolism of foreign compounds in rat liver was selected for investigation, since these processes are known to be associated almost exclusively with liver microsomes.
MATERIALS AND METHODS
Reagents.-The aminoazo dyes, 3'-methyl-4-dimethylaminoazobenzene (3'Me-DMAB) m.p. 120°and 2-methyl-4-dimethylaminoazobenzene (2-Me-DMAB) m.p. 690 were synthesized by published procedures. Liver taken at intervals from aminoazo dye treated rats or suitable controls was immediately chilled in ice, minced and then homogenized in 5 volumes of 0-2 M potassium phosphate buffer, pH 7*4. For enzyme assay, mitochondrial supernatant fractions were prepared by centrifugation of homogenates at 9000 g for 10 minutes. Microsome fractions were sedimented from the mitochondrial supernatant fractions by centrifugation at 105,000 g for 120 minutes. The microsomal pellets were rinsed with the phosphate buffer and resuspended in the same medium (4 ml./g. wet weight liver).
Incubation systems containing mitochondrial supernatant fractions (2 ml.) were fortified by the addition of nicotinamide (100 /M), magnesium sulphate (75 suM), NADP (0.5 /IM), glucose-6-phosphate (25 taM) and 0.1 M potassium phosphate buffer, pH 7-4 (0.9 ml.) in a total volume of 2-9 ml.
With microsomal preparations (2.0 ml.), the incubation medium contained nicotinamide (100 /tM), magnesium sulphate (25 /iM), NADPH2 (0.5 /iM), NADH2
(0.5 /M), ATP (2 /iM), glucose-6-phosphate (6 p/M) and 0-1 M potassium phosphate buffer, pH 7.4 (0.9 ml.) in a total volume of 2.9 ml. Substrates were added to these incubation media and incubated aerobically for 1 hour at 370 C. under continuous gentle agitation. Blanks containing heat inactivated liver preparations were included in all assays.
Enzyme assays
(1) NT-demethylation. The N-dealkylation of Benadryl (/J-dimethylaminioethyl benzhydryl ether hydrochloride) was determined by addition to the tissue incubation systems of the drug substrate (5 pM) in 0*5 M potassium phosphate buffer pH 7.4 (0.6 ml.) together with 0.1 M semicarbazide (0.5 ml.) adjusted to pH 7.4 with potassium hydroxide. The formaldehyde liberated was estimated by the method of Nash (1953) as described by Cochin and Axelrod (1959) .
(2) Sulphoxidation. The sulphoxidation of chlorpromazine was estimated by measurement of the sulphoxide formed (Salzman and Brodie, 1956 ) following incubationi of chlorpromazine (10 pM) in water (0.1 ml.) with the above incubation system.
(3) Hydroxylation. 3,4-Benzopyrene (0.2 #Am) in ethanol (0.1 ml.) was added to the incubation systems and its hydroxylation measured by the method of Conney, Miller and Miller (1956) .
Hydroxylation of 2-acetylaminofluorene (10 iuM) in ethanol (0.1 ml.) was estimated as described by Conney, Miller and Miller (1957) . (4) NADPH2-oxidase.-Oxidation of NADPH2 by microsomal preparations was determined by the method of Gillette, Brodie and La Du (1957) .
Protein was determined by the method of Lowry, Rosebrough, Farr and RIandall (1951) .
RESULTS
When DMAB was fed in the basal rice diet for 30 days, a considerable loss of drug enzyme activity was observed in rat liver mitochondrial supernatant fractions (Table I) . Thus, depending upon the drug substrate, the enzyme activity of fractions from carcinogen treated rats was depressed to between 4 and 37 per cent of that in controls fed the basal rice diet alone for equivalent periods. In contrast, no significant differences were observed in the enzyme activities in liver fractions from rats fed either the basal rice diet or the standard balanced rat diet (MRC 41B).
In order to ascertain whether the loss of enzyme activity observed in DMABtreated rats was due to inhibition by the carcinogen or its metabolites, the influence of heat inactivated liver mitochondrial supernatant fractions from carcinogen-fed rats on the Benadryl N-demethylase activity of normal liver fractions was examined. It was found that heat inactivated liver mitochondrial supernatant fractions incubated with the normal liver fraction produced no significant inhibition of enzyme activity (1 09 + 0.03 AM formaldehyde liberated/g. liver/hour) when compared to controls containing inactivated normal liver fractions (activity 106 ± 0-03 /UM formaldehyde liberated/g. liver/hour). Thus loss of drug metabolizing enzyme activity during DMAB feeding cannot be ascribed to inhibition by the carcinogen or its metabolites.
DMAB administration in the basal rice diet also produced a similar, although quantitatively smaller depression of the drug metabolizing activities of liver microsome fractions. Thus as shown in Fig. 1 , the Benadryl N-demethylase and chlorpromazine sulphoxidase activities of liver microsome fractions were depressed to 55 and 33 per cent respectively of those in controls fed the basal rice alone for 30 days. This depression of metabolic activity persisted throughout the period of carcinogen feeding up to 90 days, when tumours began to appear. Furthermore, tumour microsomes were found to be almost totally lacking in these two drug metabolic processes.
Influence of carcinogenic and non-carcinogenic aminoazo dyes
In order to ascertain the significance in carcinogenesis of the depression in liver drug enzymes induced by DMAB, the effects produced by feeding the potent hepatocarcinogen 3'Me-DMAB and the inactive 2-Me-DMAB were examined. For this purpose, both compounds were fed for 30 days to rats at a level of 0-06 per cent in the basal rice diet. The results, presented in 
both 3'Me-DMAB and the inactive 2-Me-DMAB depressed the activities of liver drug metabolizing enzymes in liver mitochondrial supernatant fractions. Thus chlorpromazine sulphoxidase activity was depressed following 3'Me-DMAB or 2Me-DMAB feeding, to 40 per cent and 33 per cent respectively of that in liver from basal rice diet fed rats. Similar depressions of Benadryl N-demetbylase activity were observed in aminoazo dye fed rats (Table II) and these were comparable to the changes induced with DMAB (Table I) .
Influence of diet on drug metabolizing enzyme inhibition by arninoazo dyes
The effects of feeding DMAB for 30 days at a level of 0.06 per cent in either the standard diet (MRC 41B) or the low protein rice diet were compared to investigate the influence of diet on the inhibitory action of aminoazo dyes on liver drug enzymes. As the results expressed in Table III show, whilst DMAB administra- 
tion for 30 days in the basal rice diet depressed the Benadryl N-demethylase and chlorpromazine sulphoxidase activities of isolated rat liver microsomes, when administered in the standard diet at the same level and for the same length of time, it was without effect on these metabolic processes.
Effect of DMAB feeding on liver microsomal NADPH2-oxidase activity Since it has been demonstrated (Remmer and Merker, 1963; Gillette, Brodie and La Du, 1957; Kato, Vassanelli, Frontino and Chiesara, 1964 ) that factors which modify drug metabolism produce a parallel effect on liver microsomal NADPH2-oxidase activity, the influence of DMAB administration on this enzyme was examined (Table IV) 
DISCUSSION
Loss of drug metabolic activity in rat liver following DMAB feeding in a low protein diet was observed both with liver mitochondrial supernatant fractions fortified with NADP and NAD and also in isolated microsome fractions fortified with NADPH2 and NADH2. These observations imply that the loss of drug metabolic activity was not due to impairment of the cell sap enzymes involved in reduction of NAD and NADP to the reduced coenzymes, which are essential for drug metabolism. Furthermore, liver sections from rats treated with DMAB in the low protein rice diet showed normal histology with no gross alterations in cell populations, so that the loss of drug metabolizing enzymes cannot be accounted for in terms of proliferation of bile duct tissue (Reid, 1962) .
Since the addition of heat inactivated liver preparations from DMAB fed rats was without effect on the metabolic activity of normal liver, inhibition by the carcinogen or its metabolites also appears to be an unlikely cause of the loss of activity. Hence it may be concluded that DMAB feeding in the low protein rice diet damages the drug metabolic function of rat liver microsomes. These observtions are comparable with those of Trams, Inscoe and Resnik (1961) who demonstrated loss of liver morphine-N-demethylase and acetanilide hydroxylase activities following DMAB treatment whilst Miller, Miller, Brown and MacDonald (1958) have observed loss of aminoazo dye N-demethylase and azo reductase activities in 3'Me-DMAB fed rats.
When DMAB was administered in a balanced diet (MRC 41B) no loss of drug metabolizing enzymes was observed. Comparable with these findings are those of Adamson and Fouts (1961) who failed to detect differences in the rate of metabolism of codeine, hexobarbital, or nitrobenzoic acid at any stage during tumour induction following DMAB feeding in a balanced diet. Thus it would seem that a highly significant dietary factor is iinvolved in the influence of DMAB on liver drug metabolizing enzymes. However this dietary factor is not in itself sufficient since administration of the basal rice diet alone was without effect. The observed influence of dietary factors on DMAB metabolism (Miller and Miller, 1953) may be relevant to these observations. It has frequently been observed that factors which modify drug metabolism such as animal age (Kato, Vassanelli, Frontino and Chiesara, 1964) , phenobarbitone administration (Remmer and Merker, 1963 ) and the addition of inhibitors to the assay system (Gillette, Brodie and La Du, 1957 ) produce a parallel effect oIn liver NADPH2-oxidase activity. Thus it is perhaps significant that the only dietary condition which produced loss of drug metabolic activity (DMAB, 0-06 per cent, in low protein rice diet) caused a significant loss of liver microsomal NADPH2-oxidase activity, whilst feeding the basal rice diet alone or DMAB in the balanced diet were without effect on either enzymatic process. Since it has been suggested that oxidation of NADPH2 constitutes the initial stage in drug metabolism (Rubin, Tephley and Mannering, 1964) it is possible that the effects observed following DMAB feeding result from damage to this enzyme.
It has been shown that both drug metabolic and NADPH2-oxidase activities are associated with regions of the smooth endoplasmic reticulum (Fouts, 1961) . Thus the present findings can be correlated with the observations of structural damage to the smooth endoplasmic reticulum following feeding of 3'Me-DMAB (Porter and Bruni, 1959) or 2Me-DMAB (Lafontaine and Allard, 1964) in low protein diet. In this respect, studies of damage to the endoplasmic reticulum following aminoazo dye feeding in a balanced diet, where no metabolic losses result, would be of interest.
The observation that depression of liver drug metabolizing enzymes by aminoazo dyes is dependent upon the nature of the basal diet suggests that these changes are not directly involved in carcinogenesis. Hence, whilst DMAB feeding for 30 days in a balanced diet (MRC 41B) was without effect on drug metabolism in rat liver, this mode of carcinogen administration is currently in use and invariably leads to the induction of liver tumours with only slightly longer latent periods than those observed using the low protein rice diet. The finding that feeding both carcinogenic (DMAB and 3'Me-DMAB) and non-carcinogenic (2Me-DMAB) aminoazo dyes in the low protein diet depresses liver enzymes involved in drug metabolism further indicates that these changes probably are not directly involved in carcinogenesis, nor can they be considered as reflecting critical metabolic modifications. Since all these aminoazo dyes become covalently bound to liver protein (Price, Miller, Miller and Weber, 1950 ) the present studies demonstrate that there is no simple correlation between protein-carcinogen binding, microsomal damage and carcinogenesis. Hence if binding of aminoazo dyes or metabolites to microsomal protein is considered a critical stage in carcinogenesis, the biochemical lesion induced by such changes still remains to be evaluated.
SUMMARY
Enzymes concerned in the metabolism of foreign compounds have been assayed in livers from rats fed carcinogenic or non-carcinogenic aminoazo dyes. Feeding 4-dimethylaminoazobenzene (DMAB) in a low protein rice diet for 30 days markedly depressed liver drug metabolizing enzymes whereas the basal rice diet alone was without effect. This depression of drug metabolic activity persisted throughout DMAB feeding up to 90 days, and DMAB-induced tumours were found to be almost totally lacking in certain drug metabolizing enzymes. Evidence is presented suggesting that these effects may result from inhibition of microsomal NADPH2-oxidase.
In contrast, when DMAB was fed in a balanced diet, there was no loss of liver drug metabolic activity indicating that dietary factors are important in the induction of liver damage by the carcinogen.
Comparison of the effects induced by a number of aminoazo dyes indicated that liver drug metabolizing enzymes were depressed by both carcinogenic (DMAB and 3'Me-DMAB) and non-carcinogenic (2Me-DMAB) compounds. Thus the damage to these enzymes does not appear to be a specifically carcinogenic response This work was supported by a block grant from the British Empire Cancer Campaign for Research.
